In the past, it has generally been assumed that polarization observations made with groundbased telescopes are unaffected by the passage of light through the Earth's atmosphere. Here, we report observations with a new high-sensitivity astronomical polarimeter (PlanetPol) made during a Saharan dust event over the La Palma observatory in 2005 May that show excess linear polarization in the horizontal direction due to the passage of the starlight through the dust. The polarization reached a maximum value of 4.8 × 10
I N T RO D U C T I O N
Until recently, it has normally been assumed that when astronomical polarization observations are made by ground-based telescopes, no spurious polarization is introduced by the passage of the light through the Earth's atmosphere. With sensitivities of ∼10 −4 in fractional polarization being typical of past stellar polarimetry, no such atmospheric effects have been reported. Indeed Kemp et al. (1987) made polarization observations of the integrated light of the Sun with sensitivities of better than 10 −6 and reported only very small atmospheric effects at high zenith distances that were attributed to double scattering by aerosols and molecules combined with the large apertures used.
There is now a considerable interest in pushing astronomical polarimetry to higher sensitivities, driven largely by the interest in polarization as a means of detecting and characterizing extrasolar planets. Polarimetric precisions of ∼10 −5 are planned for instruments to image planets with large telescopes and adaptive optics systems (Schmid et al. 2005; Keller 2006 ) and sensitivities of ∼10 −6 are needed to detect polarization in unresolved hot Jupiter systems (Seager, Whitney & Sasselov 2000; ). E-mail: jbailey@els.mq.edu.au High-polarization precisions are also being achieved in solar polarimetry (e.g. Stenflo 2003) . Recently, we have built and tested a new high-sensitivity polarimeter PlanetPol , capable of measuring stellar polarization at a sensitivity of 10 −6 . It is therefore important to establish whether there are atmospheric effects that may impact on the performance of polarimeters at these high levels of sensitivity.
Here, we report the detection of substantial levels of linear polarization during a Saharan dust event at the La Palma observatory. The La Palma site is frequently affected by Saharan dust during the summer months. We explain the polarization as being due to dichroic extinction by aligned non-spherical dust particles. In the past, it has generally been assumed that aerosol particles should be randomly oriented. Our results imply the presence of an alignment mechanism that causes a fraction of the particles to adopt a preferred vertical orientation.
Polarization due to airborne dust 1017 ). For the results described here, PlanetPol was mounted on the 4.2-m aperture William Herschel Telescope (WHT) which is located at the Observatorio de Roque de Los Muchachos (ORM) at an altitude of 2330 m on La Palma in the Canary Islands. This site is well known to be frequently affected by Saharan dust episodes during the summer months (Guerrero et al. 1998) .
PlanetPol achieves its high sensitivity through the use of rapid modulation (40 kHz) using Photo-Elastic Modulators (PEMs). A three-wedge Wollaston prism is used as the analyser and beam splitter, and the light is detected by two avalanche photodiode (APD) detectors. A second identical channel with its own PEM and APDs monitors the sky background.
The polarization measurements are made in a very broad red band covering wavelengths from 590 to 1000 nm. The broad-band is necessary to maximize the photon flux in order to achieve the highpolarization sensitivity (∼10 12 photons are needed to reduce photon shot noise sufficiently to measure polarization levels of ∼10 −6 ). A number of corrections are needed to achieve the 10 −6 sensitivity [as described in more detail by Hough et al. (2006) ]. All observations use a 'second-stage chopping' procedure in which a periodic rotation of the detectors and Wollaston prism through 90
• relative to the PEM is carried out to reverse the sign of the modulation. This was normally done after every 180 s of integration. The telescope introduces a small polarization (∼10-20 × 10 −6 for the WHT). This telescope polarization is determined by carrying out observations of stars repeated at several different hour angles. For an altazimuth-mounted telescope like the WHT, the telescope tube rotates about its optical axis relative to the sky (and the polarimeter which is mounted on a rotator that tracks the sky), as the telescope tracks, and this allows the telescope polarization to be separated from the star polarization. A small instrumental polarization ∼2 × 10 −6 (believed to be due to misalignments in the instrument) is determined by repeating measurements with the entire instrument rotated through 90
• . Separate measurements with the instrument rotated through 45
• are used to determine the Q and U Stokes parameters. These can then be combined to give the degree of polarization and the position angle. Measurements of a number of stars with known large polarizations (∼1-5 per cent) are used to determine the instrument's modulation efficiency and position angle zeropoint.
The measurements described here were obtained over the period 2005 April 27 to 2005 May 8. The data obtained in April were completely normal and consistent with previous observations with the instrument. On May 3, it was immediately noted that the data were inconsistent with previous results with relatively large polarizations being measured for stars that had previously shown very low polarization. The measured intensities were also down by ∼25 per cent compared with previous measurements. The occurrence of a Saharan dust episode was confirmed by observations from the Carlsberg Meridian Telescope (CMT) also located at ORM (Evans 2001) . The CMT carries out automated astrometric and photometric observations and a byproduct of this is measurement of the zenith extinction on each night. The dust event was also recorded by the AERONET (Aerosol Robotic Network) Sun photometer station in Santa Cruz on the nearby island of Tenerife (about 200 km east of La Palma) -the extinction measurements are shown in Fig. 1 . By May 8, the extinction had returned to its original level. In the following discussion, we will refer to the nights of April 26-30 and May 8 as the 'clear sky' nights and May 3-7 as the 'dustaffected' nights (where the date is the UT date at the beginning of each night). Back trajectories calculated with the European Centre for Medium-Range Weather Forecasts (ECMWF) 1 and HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory) (Ulanowski et al. 2007 ) models indicate that the airmass during the dust episode originated in the arid western Sahel and Sahara, and reached La Palma via an indirect route over the Atlantic ocean and was 6-10-d old. The ECMWF trajectories are shown in Fig. 2 .
The polarization data used for this study are measurements of four stars (BS 4932, BS 5854, BS 5435 and BS 4534) known from previous studies to have very low polarizations . The mean polarization values of these stars observed in clear sky conditions are given in Table 1 . The polarizations are all small (<6 × 10 −6 ). Individual polarization measurements for these stars are listed in Table 2 (for the clear sky measurements) and Table 3 (for the dust-affected measurements). Fig. 3 shows the component of the excess polarization in the horizontal direction (P H ) plotted against zenith distance for the dust-affected and clear sky measurements. P H is defined by where P is the fractional excess polarization and θ V is the position angle of polarization measured from the vertical. Excess polarization here means the polarization obtained after a vector subtraction of the mean polarization of the star observed on clear sky nights as given in Table 1 . The polarization seen on the dust-affected nights is found to be predominantly in the horizontal direction, with θ V being close to 90 • , and P H almost always being positive (vertical polarizations would have a negative sign). • zenith angle, and that the polarization changes from night to night roughly in proportion to the change in dust optical depth. No significant excess polarization is seen on the clear sky nights at any zenith distance. The measured values range from −4.6 ± 2.7 to 2.6 ± 2.0 (in units of 10 −6 ).
D I S C U S S I O N
The main features shown by the polarization data are therefore that:
(i) excess polarization is present on dust-affected nights but not on clear nights;
(ii) the polarization is predominantly in the horizontal direction; (iii) the polarization is low or zero near the zenith and increases with zenith distance; (iv) the polarization changes from night to night, roughly in proportion to the change in aerosol optical depth.
All these results are consistent with the polarization being due to dichroic extinction in the intervening Saharan dust. However, such polarization can only result if some of the dust particles align with a preferred orientation. Spherical particles or randomly oriented non-spherical particles cannot produce polarization in this way (Mishchenko, Travis & Lacis 2002) .
We have investigated whether there are any other possible interpretations for the effects we are observing. We are unable to conceive of an instrumental effect that could explain the observed polarizations. The instrument was unchanged over the period of the observations while the excess polarizations decreased over the period May 3-7 as the dust optical depth decreased, and went to zero on May 8 when the dust disappeared. Furthermore, the horizontal position angle has no significance within the instrument, which is rotated to track the sky (so, the horizontal is a different direction within the instrument for each observation). The entrance aperture of our instrument is only 5 arcsec in diameter (= 4.6 × 10 −10 sr) so scattered light from the star will be negligible in such a small aperture. Background scattered light, such as scattered moonlight, is monitored by the instrument's sky channel and subtracted during the data reduction process, but was in any case negligible for all these observations as the Moon was below the horizon. The dichroic extinction process is well known to astronomers as that which causes interstellar polarization, due to interstellar dust grains aligned by a magnetic field. Interstellar polarization at visual and infrared wavelengths is due to grains with sizes smaller than the wavelength (size distribution peaking at ∼0.2 μm; Kim & Martin 1995) and produces large polarizations. The maximum polarization to extinction ratio for interstellar polarization (P/τ ) is 0.028 (Martin 1978; Kim & Martin 1995) . This is ∼210 times higher than the polarization to extinction ratio of ∼1.3 × 10 −4 , we are observing from Saharan dust at zenith angles of ∼60
• . The Saharan dust grains must therefore be less polarizing and/or less efficiently aligned.
In the interstellar polarization case, it is also well established that the dust grains orient with their long axis perpendicular to the magnetic field, and these grains then produce dichroic polarization perpendicular to the grain axis and thus parallel to the magnetic field (Martin 1978) . If Saharan dust grains polarize in the same way, the observed horizontal polarization implies that the grains are oriented with the long axis of the particle in the vertical direction.
It is well known that ice crystals in cirrus clouds can be horizontally oriented. Orientation is required to explain some of the optical phenomena associated with cirrus clouds such as sundogs, arcs and pillars. The orientation can be directly observed by lidar and satellite measurements (Platt, Abshire & McNice 1978; Noel & Chepfer 2005) . Orientation with the long axis of the particle horizontal is the stable equilibrium orientation for a particle falling through the air (Cox 1965) under the action of hydrodynamic forces. For small particles, this equilibrium is disturbed by the action of Brownian motion and random orientation is expected for particles smaller than about 10 μm (Ulanowski et al. 2007 ). The dimension here is the full length of the long axis of the particle and these correspond to equivalent surface area sphere radii of 3.7 μm for prolate spheroidal particles with axis ratio 1.7 [typical of measured axis ratios for mineral dust aerosol particles, Mishchenko et al. (1997) ]. Particles at the high end of the size distribution of mineral dust aerosols can be larger and could therefore be expected to adopt horizontal orientation.
If the dust particles polarize in the same sense as interstellar grains, the horizontal polarization we observe implies that the particles have an orientation with the long axis vertical rather than horizontal. The alignment cannot therefore be explained by hydrodynamic effects. Ulanowski et al. (2007) have suggested a possible mechanism for vertical orientation of dust particles due to the electric field in the atmosphere. They have modelled the alignment and scattering properties of spheroidal particles falling under gravity and subjected to a vertical electric field and rotational Brownian motion. They find that a field strength of ∼2 kV/m is required to cause dichroic extinction similar to that observed during the dust event. While this value is greater than is normally encountered under clear sky conditions, even stronger fields can arise because of dust charging.
M O D E L L I N G
Studies of the orientation of particles in the atmosphere thus indicate that small particles (similar to those responsible for interstellar polarization) must be randomly oriented due to the effects of Brownian motion, and only large particles (radii greater than ∼3 μm) can be expected to adopt a preferential orientation. We therefore need to investigate the following questions.
(i) Do these large particles polarize in the same sense as the small particles responsible for interstellar polarization -with the polarization perpendicular to the particle's long axis?
(ii) What is the polarization to extinction ratio of these large particles and is it consistent with what we observe?
To investigate these issues, we have modelled the expected polarizations for spheroidal particles for a range of particle sizes, aspect ratios and zenith distances. We use a T-matrix code (Mishchenko 1999; Mishchenko et al. 2002) to calculate the forward scattering amplitude matrix S for vertically or horizontally oriented particles. For horizontally oriented oblate particles or vertically oriented prolate particles, the particle has its symmetry axis in the zdirection, and the incident (and scattered) light is at an angle θ to the z -axis (corresponding to the zenith distance in our observations). For horizontally oriented prolate particles or vertically oriented oblate particles, the symmetry axis of the particle is in the xy plane and the scattering matrix is integrated over 360
• of azimuthal angle to allow for the fact that the particle symmetry axis can be at any angle to the light direction. The adopted refractive index was 1.52 + 0.002i. The polarization properties depend on the size parameter x = 2πr/λ, where r is the radius of the equivalent surface area sphere and λ is the wavelength.
From the complex scattering amplitude matrix, the Stokes extinction matrix can be calculated (Mishchenko et al. 2002) . This is a 4 × 4 matrix, but only the elements K 11 and K 12 are significant for our purposes.
where λ is the wavelength. Here, K 11 is a measure of the total extinction, and K 12 measures the dichroism. The quantity K 12 /K 11 is then equivalent to P/τ where P is the degree of polarization corresponding to an extinction optical depth τ . This can be directly compared with the measurements.
Figs 4 and 5 show the resulting values for K 12 /K 11 as a function of size parameter for vertically and horizontally oriented prolate particles with axis ratio 1.8. Both plots show a peak in polarization at small-size parameters (a negative peak for horizontally oriented particles). This is the particle size regime corresponding to the interstellar polarization case. For larger size parameters, the polarizations are smaller and show a strongly oscillatory behaviour with size parameter. The amplitude and envelope of this oscillation change with aspect ratio and angle. However, it can also be seen from Figs 4 and 5 that the mean value about which this oscillation occurs is positive for the vertically oriented particles and negative for the horizontally oriented particles, and the same sign as in the small particle interstellar polarization regime. This is the case for oblate particles as well as prolate particles and for all zenith angles greater than about 20
• and all axis ratios we have considered.
The calculations show that the mean polarization for large particles is in the same sense as that produced by the small particles responsible for interstellar polarization. The polarization is perpendicular to the long axis of the particle for both prolate and oblate particles at all angles at which we see significant polarization. Our observed polarization direction therefore implies that the particles must be oriented with the long-axis vertical.
This oscillation with size parameter is largely removed by integrating over a particle size distribution, a broad wavelength band Figure 4 . Ratio of extinction matrix elements K 12 /K 11 for vertically oriented prolate spheroidal particles of axis ratio 1.8 at a zenith distance of 60 • as a function of size parameter (x = 2πr/λ). The lower panel shows the full range of variation including the peak corresponding to the small particle regime that causes interstellar polarization. The upper panel is on an expanded scale showing the oscillatory nature of the polarization at larger sizes, but also that the mean level is positive (horizontal polarization). The particle size at a wavelength of 0.8μm is shown on the top scale. Figure 5 . Ratio of extinction matrix elements K 12 /K 11 for horizontally oriented prolate spheroidal particles of axis ratio 1.8 at a zenith distance of 60 • as a function of size parameter (x = 2π r/λ). The lower panel shows the full range of variation including the peak corresponding to the small particle regime that causes interstellar polarization. The upper panel is on an expanded scale showing the oscillatory nature of the polarization at larger sizes, but also that the mean level is negative (vertical polarization). The particle size at a wavelength of 0.8μm is shown on the top scale.
or both. For a particle size distribution, we have used the modified power-law distribution (Mishchenko et al. 1997 (Mishchenko et al. , 2002 which can be defined in terms of the cross-section-area weighted effective radius r eff and effective variance ν eff . Hough et al. (2006) describe a detailed model for the wavelength response of the broad PlanetPol red band, which incorporates the spectral energy distribution of the star, the atmospheric transmission and the detector and filter response curves. Fig. 6 shows the results of integrating the polarization variation with size parameter over both a particle size distribution and the PlanetPol wavelength response. The integration over the particle size distribution (shown in the top panel) removes most of the oscillatory effects seen in Fig. 4 . A further integration over the wavelength response of PlanetPol smooths out residual ripples apparent in some of the curves (particularly that for 20
• zenith angle) but does not substantially alter the polarization levels. The PlanetPol wavelength response curve is dependent on the spectral type of the star. The results shown here are for a K0 star, but calculations were also done for an A3 star and show little difference. The stars observed range from A3 to G8.
Values of K 12 /K 11 integrated over the size distribution are shown in Fig. 7 for vertically oriented prolate particles for a range of axis ratios and angles. Results for oblate particles are similar. Horizontally oriented particles (either oblate or prolate) produce similar curves but with a negative polarization sign.
We assume that prolate particles of ∼3 μm radius are typical of the oriented particle, as Ulanowski et al. (2007) find significant electric-field alignment at this size, and the size distribution is likely to fall steeply at large sizes. Then for an axis ratio of 1.6, K 12 /K 11 is 0.003 at 60
• zenith distance, whereas the observed P/τ is about 1.3 × 10 −4 . This implies that ∼4 per cent of the extinction arises from fully oriented particles, or a larger fraction of the extinction arises from partially oriented particles. Figs 6 and 7 show that the polarization produced by these particles will decrease with smaller zenith distances as observed becoming zero at the zenith. 
C O N C L U S I O N S
We have detected significant linear polarization in stars observed during a Saharan dust event over the La Palma observatory in 2005 May. The polarization is predominantly in the horizontal direction. Our modelling shows that this polarization can only be explained by dichroic extinction due to particles oriented with their long axes in the vertical direction. The polarization level is consistent with that expected if a fraction (∼4 per cent) of the extinction is due to vertically oriented particles. The oriented particles are likely to be those at the large particle end of the size distribution, with smaller particles being randomly oriented as a result of Brownian motion.
These results show that we can no longer ignore the effects of the Earth atmosphere in high-sensitivity polarization observations. At La Palma, spurious polarization seems to be confined to Saharan dust events, but since these events are fairly common, this site may not be the best one for high-sensitivity polarization observations. It remains to be established what comparable effects may be present at other observatory sites. Lower altitude sites may be more affected by aerosols, but we do not know if these aerosols are likely to align in the same way as we have seen at La Palma. It may also be important to investigate the effects of cirrus cloud on polarization as these particles are known to be capable of aligning with horizontal orientation.
The results also have significant implications for atmospheric science. Mineral dust aerosols can be a significant contributor to radiative forcing of the global climate (Miller & Tegen 1998) and can be the dominant source of aerosol forcing downwind of major dust sources such as the Sahara (Li et al. 1996) . Models of atmospheric aerosol scattering have been based either on spherical particle Mie scattering models, or on randomly oriented non-spherical particle models (Mishchenko et al. 1997; Kahnert & Kylling 2004; Herman et al. 2005) . Our results show that particle orientation effects may need to be taken into account in such studies. While the polarization effects of orientation are small, the effects on total optical depth can be significant due to the 'Venetian blind effect' (the non-polarizing extinction term K 11 is a strong function of particle orientation and angle of incidence). This effect and other atmospheric science implications of aerosol particle orientation are considered in more detail in Ulanowski et al. (2007) .
